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We demonstrate magnetic field sensing using an ensemble of nitrogen-vacancy centers by recording
the variation in the pump-light absorption due to the spin-polarization dependence of the total
ground state population. Using a 532 nm pump laser, we measure the absorption of native nitrogen-
vacancy centers in a chemical vapor deposited diamond placed in a resonant optical cavity. For a laser
pump power of 0.4 W and a cavity finesse of 45, we obtain a noise floor of ∼ 100 nT/√Hz spanning
a bandwidth up to 125 Hz. We project a photon shot-noise-limited sensitivity of ∼ 1 pT/√Hz by
optimizing the nitrogen-vacancy concentration and the detection method.
INTRODUCTION
The nitrogen-vacancy (NV) center in diamond is cur-
rently one of the most studied and anticipated platforms
for high spatial-resolution sensing of magnetic fields [1–3],
electric fields [4] and temperature [5, 6] at ambient con-
ditions. Several novel applications using diamond sen-
sors are currently being developed in the fields of neuro-
science [7, 8], cellular biology [9, 10], nanoscale magnetic
resonance microscopy [11], paleomagnetism [12], and mi-
croelectronics [13, 14].
Many magnetometer schemes using NV centers are
based on recording the change in the detected fluores-
cence level upon a shift of the electron spin precession
frequency due to a change of an external magnetic field
[8, 10, 15, 16]. The fluorescence contribution of an en-
semble of NV centers to the signal increases the opti-
cally detected magnetic resonance (ODMR) amplitude
and hence boosts the sensitivity by
√
N , where N is the
number of NV centers [17]. However, the high refractive
index of diamond (∼ 2.4) together with the near uniform
emission of NV center ensembles trap most of the gen-
erated fluorescence due to total internal reflection. This
limits the collection efficiency and, thus, the smallest de-
tectable magnetic field change. To increase the fluores-
cence collection from a diamond, several techniques have
been demonstrated such as fabricating a solid immersion
lens [18], side-collection detection [19], employing a sil-
ver mirror [20], using a dielectric optical antenna [21],
emission into fabricated nanopillar waveguides [22] and
employing a parabolic lens [23]. Alternatively, magnetic
fields can also be sensed by observing the change in the
shelving-state infrared absorption [24], or the change in
fluorescence when transitioning through the ground state
level anti-crossing of the NV center [25].
In this article, we report on a new measurement tech-
nique for NV ensemble magnetometry, which is based on
monitoring the spin-dependent absorption of the pump
field. Using the absorption detected magnetic resonance
(ADMR) measurement technique in conjunction with a
cavity resonant with the pump field, we fully circumvent
challenges associated with inefficient collection of fluo-
rescence, by detecting the absorption through the trans-
mitted cavity mode. We demonstrate a NV ensemble
magnetometer for low-frequency magnetic field sensing
with a measured noise floor of ∼ 100 nT/√Hz spanning
a bandwidth up to 125 Hz. Intriguingly, using the re-
flection of an impedance-matched cavity and a diamond
crystal with an optimized NV concentration, we project
an estimated sensitivity of ∼ 1 pT/√Hz.
ABSORPTION DETECTED MAGNETIC
RESONANCE
The electronic level structure of the NV defect is
summarized in Fig. 1(a). It consists of a 3A2 spin-
triplet ground state, a 3E spin-triplet excited state, and
a 1A1 ↔ 1E shelving state. Pumping with a 532 nm
laser results in an excitation above the zero phonon line,
which decays on a picosecond timescale [26] to the 3E ex-
cited states by non-radiative transitions. Moreover, there
exists a non-radiative decay path through the shelving
state which is more probable for ms = ±1 of the excited
state |4〉. Continuous optical pumping depopulates the
ms = ±1 spin sublevel and accumulates the population
in ms = 0. The zero-field splitting of the ground state
levels |1〉 and |2〉 is ∼ 2.87 GHz at room temperature,
making the transition between these levels accessible us-
ing microwave (MW) fields. The presence of a local mag-
netic field lifts the degeneracy of ms = ±1 with a split-
ting proportional to 2γeBNV, where γe = 2.8 GHz/T is
the gyromagnetic ratio of the electron spin and BNV cor-
responds to the magnetic field projection along the NV
symmetry axis. A change in the external magnetic field
hence results in a detectable shift in the electron spin res-
onance frequency of the ODMR or the ADMR spectrum,
respectively. The continuous-wave sensitivity of the spin
resonances to small changes of an external magnetic field
is proportional to max[ ddwS]
−1, where ddw is the derivative
with respect to the MW frequency ω/2pi of the ADMR
signal S. Using a cavity around the diamond host crys-
tal, a change in S can be detected by a measurement
of the remaining pump light either transmitted through
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2FIG. 1. (a) Summary of the NV center energy levels and
transitions between them. Green laser light excites the NV
center with a rate Γp to a quasi-continuous vibronic state
which decays quickly to the optical excited states. The de-
cay between two states is shown by kab, and Ω corresponds
to the Rabi frequency of the MW drive. Presence of a mag-
netic field lifts the degeneracy of ms = ±1 proportional to
2γeBNV. Non-radiative transitions are shown by dashed ar-
rows. (b) Schematic of our experimental setup to perform
ADMR measurements through the cavity transmission (see
the main text and the supplemental material for further ex-
perimental details).
or reflected off the cavity. Intriguingly, by appropriately
tailoring the impedance of the cavity it is possible to ob-
tain a unity contrast in the reflected light power, which
in turn may lead to a sensitivity in the pT/
√
Hz range.
EXPERIMENT
We use the native 14NV− concentration of an off-the-
shelf single-crystal diamond grown by chemical vapor de-
position. A schematic of the experimental setup is shown
in Fig. 1(b). The optical cavity consists of two concave
mirrors with a 10 cm radius of curvature set in a confo-
cal configuration, resulting in a minimum beam waist of
92 µm with a Rayleigh length of ∼ 50 mm. The mirrors
have the measured reflectivities of R1 = 94.8% ± 0.1%
and R2 = 99.8% ± 0.1% at the pump wavelength of
532 nm. With the diamond rotated at its Brewster an-
gle (θ ' 67◦), the round-trip beam path in the diamond
is l = 2 × 1.3 mm and the estimated excitation volume
is ∼ 3.5 × 10−2 mm3, accounting for the standing wave
and the transverse beam profile. The finesse of a cavity
is defined by F = pi
√
ρ/(1− ρ), where ρ = √R1R2e−α
corresponds to the cumulative round-trip loss product
and α is the propagation loss coefficient. In the absence
of the diamond, the finesse solely depends on the prod-
uct of the mirror reflectivities R1R2 and is calculated as
F = 113.4± 4.4, which is confirmed by the measured fi-
nesse of F = 114± 0.1. Incorporating the diamond into
the cavity reduces the finesse to F = 45.1± 0.1, which
indicates that all the effective loss in the loaded cav-
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FIG. 2. Measured frequency-modulated ADMR spectrum us-
ing (a) single-frequency excitation and (b) three-frequency
excitation. SR1 and SR4 correspond to the electron spin res-
onances of single crystallographic orientation of NVs, while
SR2 and SR3 correspond to the electron spin resonances of the
other three crystallographic orientations. The purple dot in
(b) indicates the point that is most sensitive to small changes
in the magnetic field.
ity can be attributable solely to losses occurring through
the diamond. The corresponding cumulative round-trip
loss of the loaded cavity shows that the cavity is slightly
under-coupled. The propagation loss can be decomposed
to α = αabsl + αr, in which αabs is the absorption loss
coefficient and αr is attributed to all other loss chan-
nels such as surface-based absorption, scattering losses,
and birefringence losses. The total fraction of reflected
light from the diamond to intra-cavity power was mea-
sured as ∼ 0.006, of which approximately 80% was s-
polarized light. This translates to an absorption loss coef-
ficient of αabs ∼ 0.0301 mm−1, taking αr ∼ 0.006. With
an independent measurement using a confocal micro-
scope, we determined the NV− concentration, [NV−],
to be ∼ 2.9 × 1010 mm−3 (∼ 0.16 ppb) corresponding to
∼ 109 NV− centers within the excitation volume. Con-
sidering the absorption cross section of a single 14NV−
at 532 nm (σNV = 3.1 × 10−15 mm2 [27]), a NV related
absorption loss coefficient of αNVabs ∼ 9 × 10−5 mm−1 is
obtained. Hence, in our diamond sample most of the
propagation loss is attributed to non-NV loss chan-
nels. Using the NV absorption loss coefficient, we es-
timate the ratio between the excitation rate and the
intra-cavity power  = Γp/Pcav ∼ 75 kHz/W, where the
intra-cavity and incident powers are linked through
Pcav = Pin(1−R1)/|1−
√
R1R2e−α|2.
3Spectrum
We performed ADMR measurements by recording the
remaining pump-light transmitted through the diamond
loaded cavity while sweeping the MW drive frequency
across the spin resonance. To reduce the technical noise
level in our measurement, we tapped off some laser light
before the cavity, recorded it with a second photodetec-
tor and subtracted the two photocurrents, as indicated
in Fig. 1(b). In order to remove low frequency techni-
cal noise, we applied lock-in detection with a frequency
modulated MW drive, directly yielding SPtLI at the out-
put, where Pt indicates the transmitted power through
the cavity and LI refers to lock-in (further experimen-
tal details can be found in the supplemental material).
A typical frequency modulated ADMR spectrum is pre-
sented in Fig. 2(a). In these measurements, a static mag-
netic field was aligned along the [111] axis, resulting in
the outermost electron spin resonances (SR1,SR4), while
the inner peaks (SR2,SR3) correspond to the electron
spin resonances of the other three crystallographic orien-
tations. The three-peak feature of the ADMR spectrum
in Fig. 2(a) is a consequence of the hyperfine interaction
between the NV electron spin and the intrinsic 14N nu-
clear spin with a coupling constant of A|| = 2.16 MHz
[28]. To enhance max[ ddw (S
Pt
LI)], we excited all three
14N
hyperfine transitions simultaneously by mixing the mod-
ulation frequency fc with a fm = A|| signal. The three-
frequency excitation results in five peaks for each electron
spin resonance, as shown by the measured spectrum in
Fig. 2(b).
Model
An ADMR spectrum SLI may be obtained either by
recording the pump beam reflected from the cavity, SPrLI ,
or transmitted through the cavity, SPtLI , as a function of
the applied MW frequency, and may be modeled using a
set of optical Bloch equations considering the five elec-
tronic levels and the transitions summarized in Fig. 1(a)
[29]. The steady-state level populations ρss are then ob-
tained as a function of Rabi frequency Ω, optical ex-
citation rate Γp, and MW detuning ∆ from the spin
ms = 0↔ ms = ±1 transition. The cavity reflection or
transmission itself is a function of loss inside the cav-
ity which is dominated by the absorption in diamond,
while the NV absorption in diamond depends on the
NV ensemble ground state spin population. Applying
a resonant MW field (∆ = 0) increases the population in
the shelving state |5〉, which possesses a longer lifetime
(> 150 ns [30, 31]) than the 3E excited states, and hence,
a lower average population remains in the ground states
|1〉 and |2〉 to absorb the pump photons. Ultimately, the
resonant MW field decreases the optical loss inside the
- 1 5 - 1 0 - 5 0 5 1 0 1 5
- 6
- 4
- 2
0
2
4
6
( b )
S Pt LI
  (V
)
D e t u n i n g  ∆  ( M H z )
  M e a s u r e d
  S i m u l a t e d
0 . 1 0 . 2 0 . 3 0 . 4
0 . 0 9
0 . 1 4
0 . 2 0
0 . 2 9
0 . 4 2
0 . 6 0
0 . 8 6
L a s e r  I n p u t  P o w e r  ( W )
Rab
i Fr
equ
enc
y Ω
 (M
Hz)
0
2
5
7
1 0
1 2S l o p e  ( V / M H z )
0 . 1 0 . 2 0 . 3 0 . 4
0 . 0 9
0 . 1 4
0 . 2 0
0 . 2 9
0 . 4 2
0 . 6 0
0 . 8 6 ( c )
L a s e r  I n p u t  P o w e r  ( W )
Rab
i Fr
equ
enc
y Ω
 (M
Hz)
0
2
5
7
1 0
1 2S l o p e  ( V / M H z )
( a )
FIG. 3. (a) Simulated and measured frequency-modulated
ADMR spectra using three-frequency excitation. The
used parameters are Pin = 0.4 W, Ω = 0.3 MHz,
R1 = 94.8 %, R2 = 99.8 %, α
0
abs = 0.0781, αr = 0.006,
[NV−] = 0.16 ppb, l = 2×1.3 mm,  = 75 kHz/W,
γ∗2 = 1/3 MHz, γ1 = 0.182 kHz, and GV0 = 65 × 106 V.
(b) Measured and (c) simulated slopes of three-excitation,
frequency-modulated ADMR spectra at ∆ = 0 as a function
of Pin and Ω. The maximum measured slope in (b) is
obtained for Pin = 0.4 W and Ω ∼ 0.3 MHz.
cavity which can be monitored through the light trans-
mitted or reflected from the cavity. The steady-state
population of the optical ground state can be written as:
ρssg (Ω,Γp,∆) = ρ
ss
11 + ρ
ss
22, (1)
where ρss11 and ρ
ss
22 are the steady-state population of |1〉
and |2〉, respectively. As the absorption of a NV ensemble
directly depends on ρssg , a change in the propagation loss
as a function of [NV−] can be described as:
α(Ω,Γp,∆, [NV
−]) = α0abs + [NV
−]σNVlρssg + αr, (2)
where α0abs is the loss coefficient attributed to non-NV
absorption. As pump absorption in our sample is domi-
nated by non-NV related processes, the absorption-based
spin contrast CADMR related to the fraction α
NV
abs/α is
on the order of 10−6 when monitoring the absorption
through the cavity transmission. The steady-state cavity
outputs as a function of MW detuning are then reformu-
lated in terms of transmitted and reflected powers:
Pt
Pin
=
T1T2e
−α(Ω,Γp,∆,[NV−])
|1−
√
R1R2e−α(Ω,Γp,∆,[NV
−])|2
, (3)
Pr
Pin
=
(R1 −
√
R1R2e−α(Ω,Γp,∆,[NV
−]))2
R1|1−
√
R1R2e−α(Ω,Γp,∆,[NV
−])|2
, (4)
where Pin is the laser input power to the cavity, T1 and T2
are the transmissions of the first and the second mirror,
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FIG. 4. (a) Measurements of the magnetic noise spectral density: when the MW drive is set on the maximum slope of the
frequency modulated ADMR (corresponding to the purple dot in Fig. 2(b) - magnetically sensitive), when the MW drive is far
from any spin resonance (magnetically insensitive), when we do not cancel out the correlated laser noise (blocked the reference
detector), and the noise floor of the lock-in and blocked detectors for the same gain setting. (b) Measurements of the Allan
deviation of magnetic noise of the traces in (a). The drop with the slope of -1/2 identifies the white noise in the system. For
the magnetically sensitive trace, there is a minimum at ∼ 3.3 s which increases at higher averaging time due to thermal or
mechanical drift in the system. The Allan deviation was calculated using the overlapping method.
respectively, and we assume Ri + Ti = 1. For the sake of
simplicity, the intra-cavity excitation rate (Γp = Pcav) is
calculated in terms of the input power and the propaga-
tion loss when no MW field is applied (Ω = 0, ∆ρssg = 1).
The lock-in signal SPiLI can be described as a function of
detuning between the carrier frequency fc and the res-
onance frequency f0 (∆ = fc − f0), and the modulation
depth δ through:
SPiLI(∆) =
GV0
2
∑
mx
∑
ml
[Pi(∆ + δ + (ml +mx)A||)
− Pi(∆− δ + (ml +mx)A||)],
(5)
where G is the lock-in gain factor, V0 is the off-resonant
detected voltage, and Pi is either the reflected or trans-
mitted cavity power. The expression is summed over the
14N nuclear spin quantum number ml = {-1,0,1}, and
the three frequencies mx separated by A|| in order to ac-
count for the simultaneous drive of all three hyperfine
transitions.
Using Eq. (5), SPtLI is plotted as a solid line in
Fig. 3(a), taking Pin = 0.4 W, Ω = 0.3 MHz, a pure de-
phasing rate of γ∗2 = 1/3 MHz, a longitudinal relaxation
rate of γ1 = 0.182 kHz, and level decay rates kab ex-
tracted from [30]. We also plot the measured ADMR
spectrum as a dashed line in Fig. 3(a). The ADMR spec-
trum was recorded with the same Pin and Ω as the sim-
ulated spectrum. The match between the simulated and
measured traces is very good, with just a small mismatch
due to the uncertainty in the estimation of the parame-
ters , γ∗2 , and α
0
abs in the simulation.
Sensitivity
To optimize the magnetic field sensitivity, we measure
the dependence of ddw (S
Pt
LI) of three-frequency excitation
spectra on the pump power and Rabi frequency, Pin and
Ω, at ∆ = 0. The results of these measurements are pre-
sented in Fig. 3(b). The maximum slope is achieved at
Pin = 0.4 W and Ω ∼ 0.3 MHz, where the optical exci-
tation rate by virtue of the cavity enhancement over-
comes the MW power-induced broadening, allowing for
a narrowing regime to be reached [32]. The simulated
slopes are presented in Fig. 3(c) and obtained using the
same parameters as in Fig. 3(a). We observe a very good
agreement with respect to the overall trend, the slope
magnitude, and the location of the slope maximum.
For deducing the sensitivity of the magnetometer, we
independently measured four time traces of the lock-
in signal for Pin = 0.4 W. The first trace was mea-
sured in the optimal magnetically sensitive configuration,
with the MW drive on resonance with a spin transition
(∆ = 0) corresponding to the purple dot in Fig. 2(b).
The second trace was measured in the magnetically in-
sensitive configuration, with the MW drive frequency far-
detuned from any spin resonance (∆→∞). The third
trace was measured by blocking the reference detector
5- 1 . 0 - 0 . 5 0 . 0 0 . 5 1 . 0 1 . 5 2 . 0- 1 . 0
- 0 . 8
- 0 . 6
- 0 . 4
- 0 . 2
0 . 0
( d )( c )
( b )
N V  C o n c e n t r a t i o n  ( l o g  p p b )
Las
er I
npu
t Po
wer
 (log
 W)
- 1 0
- 9
- 8
S e n s i t i v i t y  i n  
t r a n s m i t t e d  p o w e r  ( l o g  T / √ H z )
- 1 . 0 - 0 . 5 0 . 0 0 . 5 1 . 0 1 . 5 2 . 04
5
6
7
8
N V  C o n c e n t r a t i o n  ( l o g  p p b )
Rab
i Fr
equ
enc
y (lo
g  H
z)
- 1 0
- 9
- 8
- 7
- 6
- 5
S e n s i t i v i t y  i n  
t r a n s m i t t e d  p o w e r  ( l o g  T / √ H z )
- 1 . 0 - 0 . 5 0 . 0 0 . 5 1 . 0 1 . 5 2 . 0- 1 . 0
- 0 . 8
- 0 . 6
- 0 . 4
- 0 . 2
0 . 0
N V  C o n c e n t r a t i o n  ( l o g  p p b )
Las
er I
npu
t Po
wer
 (log
 W)
- 1 1
- 1 0
- 9
S e n s i t i v i t y  i n  
r e f l e c t e d  p o w e r  ( l o g  T / √ H z )
- 1 . 0 - 0 . 5 0 . 0 0 . 5 1 . 0 1 . 5 2 . 04
5
6
7
8
N V  C o n c e n t r a t i o n  ( l o g  p p b )
Rab
i Fr
equ
enc
y (lo
g  H
z)
- 1 1
- 1 0
- 9
- 8
- 7
- 6
S e n s i t i v i t y  i n  
r e f l e c t e d  p o w e r  ( l o g  T / √ H z )
( a )
FIG. 5. Simulated plots of the shot-noise-limited sensitivity as a function of [NV−], Pin, and Ω using the following parameters
R1 = R2e
−α, R2 = 99.9 %, α0abs = α
NV
abs, αr = 0.006, l = 2×1.3 mm,  = 75 kHz/W, γ∗2 = 1/3 MHz, γ1 = 0.182 kHz. (a) and
(b) are calculated from transmission through the cavity for Ω = 0.5 MHz and Pin = 0.5 W, respectively. (c) and (d) are
calculated from reflection of the cavity for Ω = 0.5 MHz and Pin = 0.5 W, respectively.
which monitored the laser output. The last trace was
measured with all detectors blocked, which shows the
sum of electronic noise from the lock-in detector and pho-
todetectors. The Fourier transforms of these time traces
with a frequency resolution of 0.24 Hz are presented in
Fig. 4(a) where the y-axis is displayed in units of sensi-
tivity. It shows a 125 Hz bandwidth and a 12 dB/octave
roll-off that is generated by the low-pass filter of the lock-
in detector. The choice of this bandwidth is a conse-
quence of the low ADMR contrast (CADMR ∼ 10−6) mea-
sured through the cavity transmission. When the MW
drive is off resonance, a noise floor of ∼ 100 nT/√Hz is
achieved. The increased noise floor when we blocked the
reference detector and only monitored the transmission
through the cavity shows the impact of substantial tech-
nical noise at the 35 kHz modulation frequency. Next,
we calculated the Allan deviation of both magnetically
insensitive and magnetically sensitive traces, which al-
lows us to investigate the intrinsic noise in the system.
The results are presented in Fig 4(b). The drop of the
Allan deviation with a slope of -1/2 in both traces is
a signature of white noise. For the magnetically sensi-
tive measurements, the white noise reaches a minimum
at ∼ 3.3 s. The increase of the Allan deviation at higher
averaging time is a sign of thermal or mechanical drift in
the system.
OUTLOOK
To better understand the context and magnitude of
the measured sensitivity, we estimate the shot-noise-
limited sensitivity for a single-peak ADMR as a func-
tion of [NV−], Pin, and Ω. Using the same physical
dimensions as in our setup (cavity length and diamond
thickness), we assume a diamond host where α0abs = α
NV
abs
for any [NV−]. In addition, we consider that the reflec-
tivity of the incoupling mirror is such that R1 = R2e
−α
when Ω = 0 for a given optical input power, ensuring
that the cavity is impedance-matched. The intra-cavity
power is thereby always maximized and there is no cavity
reflection when no MW field is applied. The shot-noise-
6limited sensitivity was estimated from the ratio of the
shot-noise level to max[ ddwS]. The results of this calcu-
lation are presented in Fig. 5 for both transmitted (a,b)
and reflected (c,d) powers. We have fixed Ω = 0.5 MHz
for (a,c) and Pin = 0.5 W for (b,d). By monitoring the
transmitted power Pt and optimizing [NV
−], Pin, and Ω,
a shot-noise-limited sensitivity in the sub-100-pT/
√
Hz
range can be expected. In comparison, by monitoring the
reflected power Pr, a sensitivity in the pT/
√
Hz range is
projected. As the cavity is impedance-matched, applying
no MW field results in Pr(Ω = 0) ∼ 0. However, apply-
ing Ω on resonance with a spin transition reduces the
loss in the cavity and pushes the cavity into the over-
coupled regime. For the case presented in Fig. 5(d) with
a fixed input power Pin = 0.5 W, the optimal sensitiv-
ity of ∼ 1 pT/√Hz is obtained for Ω = 0.21 MHz and
[NV−] ∼ 70.8 ppb. At these settings, the cavity finesse
is 13.7, the intra-cavity power reaches Pcav = 5.35 W and
the maximum reflected power Pr(∆ = 0) = 0.15 µW .
The total reflected power of such an over-coupled cav-
ity contributes to the ADMR signal.
CONCLUSION
In this article, we report on magnetic field sensing us-
ing an ensemble of NV centers based on the variation
of a cavity’s transmitted pump power due to electron-
spin absorption. Frequency-modulated ADMR spectra
were measured, which was used to measure the local
magnetic noise spectral density with a noise floor of
100 nT/
√
Hz spanning a bandwidth up to 125 Hz. Our
simulations show that a photon shot-noise-limited sensi-
tivity of ∼ 1 pT/√Hz can be achieved when measuring
a cavity’s reflected power near the impedance-matched
point and using a diamond with an optimized NV den-
sity. Cavity-based ADMR is an alternative to its ODMR
counterpart, and has advantageous in terms of both de-
tection contrast and device application. With the appro-
priate cavity design and sample optimization, it is antic-
ipated that the work and technique presented here will
provide a solid foundation for NV-based magnetometers.
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